DNA-based immunization of mice by intramuscular injecby measurement of luciferase activity in muscles at differtion of antigen-encoding plasmid DNA results in immune ent times after injection of a luciferase reporter gene conresponses which may be sustained for extended periods struct, alone or in combination with HBsAg-expressing of time without an antigen boost. For example, we have DNA. Control muscles injected with luciferase-expressing previously shown that a strong humoral response against DNA alone maintain expression of high levels of luciferase hepatitis B virus surface antigen (HBsAg) will persist for up for at least 60 days. In contrast, muscles co-injected with to 74 weeks following a single intramuscular administration DNAs expressing luciferase and a secreted form of HBsAg of DNA. It has been proposed that the longevity of the show high levels of luciferase activity at 5 days but Ͼ99% response is due to sustained expression of antigen in of this is lost by 20 days. Similar results are obtained with transfected muscle cells. However, here we show by co-expression of luciferase and ␤-galactosidase, a nonimmunohistochemistry and electron microscopy that secreted antigen. Loss of luciferase expression does not HBsAg-expressing muscle fibers are destroyed around 10 occur in muscles of mice with severe combined immunodays after injection of DNA in mice. We have also evaludeficiency, indicating that the myofiber destruction is ated destruction of the transfected muscle fibers indirectly, immunologically mediated.
Introduction and persist at high levels for at least several months. 8 The ability to induce strong humoral and cell-mediated
Muscle fibers can present peptides derived from immune responses by administration of plasmid DNA endogenously synthesized protein by class I molecules of encoding an antigenic protein has been demonstrated in the major histocompatibility complex (MHC) of genes, 9 many different animal models. Long-lasting immune making them potential targets for CTL attack. Thus, it responses are obtained in many cases without boost, was of interest to determine whether antigen-expressing particularly with intramuscular (IM) administration of muscle fibers might be destroyed by CTL, in which case it DNA. [1] [2] [3] [4] [5] This has been thought to be due to the fact that would be difficult to explain the longevity of the immune mature muscle fibers are postmitotic and thus expression response by sustained expression of antigen in the of the episomally located plasmid DNA can continue for muscle. This situation is also relevant to the safety of prolonged periods of time. Indeed, it has been shown that DNA vaccines since prolonged expression of antigen expression of a luciferase reporter gene construct introcould potentially lead to the induction of tolerance. Here duced directly into mouse muscle can still be detected 19 we show by both direct and indirect methods that transmonths later. 6 fected muscle fibers expressing an antigenic protein We have developed a model of DNA-based immuniappear to be completely destroyed by an immunezation against the hepatitis B virus (HBV) based on intramediated response within 20 days of DNA injection. muscular injection of a plasmid DNA expression vector encoding the major HBV envelope protein.
7 After a single intramuscular injection of DNA, mice develop high levels
Results
of circulating antibodies against HBV surface antigen (HBsAg, anti-HBs), which are sustained for at least 74 The longevity of expression after direct gene transfer into weeks, even without boost. 1 In addition, HBsAg-specific muscle was determined by injection of plasmid DNA vectors into tibialis anterior (TA) muscles of mice. The vectors, which were under the control of the cytomegaloviral promoter (CMV), encoded luciferase (pCMV-luc), the lacZ gene for ␤-galactosidase (␤-gal) (pCMV-lacZ) or Luciferase reporter gene activity Injection of 10 g of the pCMV-luc vector by itself into mouse TA muscles resulted in high and sustained luciferase expression which, under the same conditions, was the same in C57BL/6 and BALB/c mice ( Figure 1 ). No significant differences were detected between the levels of luciferase activity in muscles removed 5, 10, 20 or 30 days after injection of 10 g pCMV-luc DNA alone (Figure 2 ). Furthermore, there were no differences for luciferase activity when the contralateral TA has been injected with pCMV-luc alone or with a mixture of pCMV-luc plus pCMV-S (Figure 2 ). Luciferase activity was about 10-fold higher in regenerating than normal TA muscle ( Figure 1 ) and we have previously shown this to be due to transfection of about 10 times more muscle fibers in regenerating either C57BL/6 and BALB/c mice was not significantly reduced relative to control muscles receiving only pCMV-luc (Figures 2 and 3 ), indicating that co-expression luciferase activity and the remaining 40% had only very low activity. The pattern of loss of luciferase activity over did not affect luciferase expression. However, after 5 days there was a very rapid loss of cotransfected muscle time was similar for C57BL/6 and BALB/c mice in both normal ( Figure 2a ) and regenerating muscle (Figure 2b ). fibers such that luciferase activity in co-injected muscles was reduced Ͼ80% relative to control values by 10 days
To control for the fact that HBsAg-expressing plasmid was injected at a five times higher dose than the luciferand Ͼ99% by 20 dyas (Figure 2) . By 30 days, 60% (24 of 40) of the individual muscles assayed had no detectable ase reporter gene construct, some mice were injected ase-expressing DNA had few CD8 + cells, similar to the bilaterally with 50 g of pCMV-luc and even at this higher dose levels of luciferase activity were not different number seen in normal muscle (not shown). The debris from the destroyed muscle fibers appears to be phagobetween TA muscles taken 5 or 20 days later (1.4 ± 0.4 versus 1.6 ± 0.5 RLU × 10 −6 /s/mg protein respectively).
cytosed since only small traces of HBsAg-positive material can be detected in the intercellular spaces at The loss of luciferase-expressing muscle fibers after coinjection of pCMV-luc and pCMV-S vectors did not occur 30 days. Electron microscopy of muscle tissue taken at 10 days in mice with severe combined immune deficiency (SCID) that have no B or T cells (Figure 3) , indicating a role of shows a large number of completely regenerated muscle fibers that are distinguishable from normal mature the immune system. Similar results to those obtained with secreted HBsAg myofibers only by the presence of centronucleation ( Figure 7A ). These are seen throughout the muscle and were obtained following co-injection of pCMV-luc and pCMV-lacZ DNA vectors into TA muscles of C57BL/6 are due to the previous episode of degeneration/ regeneration caused by the cardiotoxin assault carried out 5 mice ( Figure 4 ). ␤-Gal, which is expressed by the pCMVlacZ vector, is not secreted. days prior to DNA injection. In addition to these fully regenerated fibers, there are also several newly degenerImmunohistochemical staining of TA muscles of C57BL/6 mice injected with pCMV-S DNA reveal that ating fibers, which are likely the same as the fragmenting HBsAg-expressing fibers seen with LM. These fibers the HBsAg-expressing fibers appear to have normal morphology at 5 days but are seen to fragment at 10 days.
appear to be undergoing cytolytic attack as they are associated with an inflammatory infiltrate ( Figure 7B ) and By 30 days, no HBsAg-positive fibers can be detected and only small traces of HBsAg-positive material are found clear phagocytosis of individual myofibers may be seen ( Figure 7C ). As would be expected, subsequent regenerin the intercellular spaces. In contrast, normal-appearing HBsAg-containing fibers are seen at both 5 and 30 days ation of these newly destroyed fibers appears to occur, since the periphery of the basal lamina is lined with in TA muscles obtained from SCID mice ( Figure 5 ). Dual fluorescent labeling 5 days after DNA injection shows the newly formed regenerating myotubes ( Figure 7D ). It is important to note that this fiber population does not presence of numerous CD8
+ cells in the vicinity of HBsAg-expressing muscle fibers ( Figure 6 ). Regenerating result from the initial cardiotoxin assault carried out 15 days previously, since the other, presumably nontransmuscle otherwise untreated or injected only with lucifer- 
fected muscle fibers, have completed regeneration
Antibodies against expressed proteins Antibodies were raised against HBsAg and the kinetics ( Figure 7D ). As well, cardiotoxin-treated but nontransfected control muscles also show normal regenerated and strength of the anti-HBs response to secreted HBsAg was similar to that observed previously in mice immunmorphology but without evidence of persistent necrosis or ongoing regeneration (not shown), confirming that ized with pCMV-S DNA. 1, 2, 7 In either BALB/c or C57BL/6 mice injected with 50 g DNA there was 100% regeneration from the earlier toxin treatment is complete by this time.
seroconversion with high titers by 10 days and peak ELISA titers of 10 4 -10 5 by 30 days. Anti-HBs titers were higher in BALB/c than C57BL/6 or when DNA was injected into regenerating instead of normal muscle.
Antibodies were also induced against ␤-gal after injection of 50 g pCMV-lacZ, although these appeared somewhat later than anti-HBs. Very low levels were detected in only a few animals by 10 days, with 100% seroconversion not being attained until 20 days and peak titers of anti-␤-gal of 10 3 -10 4 only being achieved 60 days after injection of DNA.
In contrast, no anti-luc antibodies were detected in mice whose muscles were injected solely with luciferaseexpressing DNA, even when this amounted to 100 g pCMV-luc per mouse. In mice where luciferase was coexpressed with HBsAg or lacZ, a few mice (but never more than one per group of 10) exhibited extremely low Prolonged expression of luciferase in muscle after direct gene transfer Expression of luciferase from a transgene in muscle does not appear to induce humoral or cell-mediated immune 
arrows). Note that this actively regenerating fiber is immediately adjacent to a fully regenerated fiber, which is clearly identifiable by its central nucleus (arrowhead).
responses based on the virtual absence of anti-luc antiappears to be true based on the finding that in most animals there was no detectable luciferase activity after 30 bodies and the prolonged expression of luciferase after injection of pCMV-luc DNA. This may be due to failure days. Although it is conceivable that fibers expressing solely luciferase could be destroyed by nonspecific local of the immune system to detect the luciferase owing to its intracellular localization within peroxisomes, 11 but it inflammatory responses, this does not appear to play a significant role since expression of luciferase alone gives is also possible that luciferase is not very immunogenic in mice. Here we show practically no antibody response similar activities at 5 and 60 days. For those cotransfected animals where there is persistent luciferase activity, this even when luciferase is liberated from degenerating fibers cotransfected with HBsAg-or ␤-gal-expressing DNA.
accounts for less than 1% of control values and likely represents those few fibers that took up only the luciferase Furthermore, others have found that antibodies to injected purified luciferase are detected only when large construct. These results additionally indicate that the loss of antigen-expressing muscle fibers is essentially doses are used in conjunction with a potent adjuvant such as Freund's complete (SA Johnson, personal complete. communication).
The presence of certain unmethylated CpG motifs, Destruction of antigen-expressing muscle fibers is due to immune response which are found frequently in bacterial genomes, has been shown to have nonspecific immunostimulatory
The long-term survival of HBsAg-or ␤-gal-expressing fibers in SCID mice indicates that the loss of transfected effects.
12 Thus another possibility that must be considered is that pCMV-luc has fewer stimulatory muscle fibers in immunocompetent mice is due to an immune response rather than a cytotoxic effect of the sequences than the other vectors and this could explain the failure to induce luciferase-specific immune expressed proteins or an interaction between the two DNA vectors or their gene products. Although some responses. Although the coding sequences for the three vectors would likely contain different numbers and types destruction could be due to non-specific inflammatory responses, the long-term survival of fibers expressing of CpG motifs, only the lacZ gene is derived from bacteria. On the other hand, all three vectors contain similar only luciferase suggests an antigen-specific response. This is unlikely to be complement-mediated since ␤-galbackbone components including the ampicillin-resistant gene that has been shown to contain several immunostiexpressing muscle fibers are largely destroyed before antibodies can be detected. The most likely mechanism mulatory CpG motifs. 13 is antigen-specific cytolytic attack. It has been shown previously in both BALB/c 8 and C57BL/6 mice 16 that IM Rapid destruction of HBsAg-and ␤-gal-expressing muscle fibers injection of 10 g or more of HBsAg-expressing DNA results in extremely potent CD8 + CTL in 100% of immunIn contrast to the prolonged expression of luciferase alone, muscle fibers cotransfected with luciferase-and ized mice within 6 days. Furthermore, in the present study, CD8 + T cells were demonstrated immunocytoHBsAg-or ␤-gal-expressing plasmids are largely destroyed between 5 and 20 days after injection of DNA.
chemically in the region of HBsAg-expressing fibers.
There have been other reports of immune-mediated The loss of antigen-expressing muscle fibers can be detected indirectly by measuring loss of luciferase destruction of cells expressing a transgene. 17 activity, but is also seen directly by microscopic examination of muscle sections. The destruction, which occurs A simple indirect model for measurement of cytolytic immune responses whether or not the antigen is secreted, seems to be specific to the antigen-expressing fibers since there is no evi-
The present study provides a simple method to measure cell-mediated responses to DNA-based immunization. dence of similar destruction in adjacent nontransfected muscle fibers, nor is there widespread infiltration of This is particularly useful in animal models where it is difficult or impossible to perform typical CTL assays, for mononuclear cells. In the case of nonsecreted gene product (eg ␤-gal) the liberation of antigen through fiber example with outbred strains of animals or where an appropriate target cell for the particular antigen is not destruction may be necessary for the induction of B cell responses, since in contrast to the early appearance of available. This method also avoids radiochemicals, the use of which is increasingly discouraged or even proantibodies against secreted HBsAg, anti-␤-gal antibodies do not appear until several days after the destruction prohibited by many research institutions. The method involves measuring luciferase activity in cess is underway, although the highly immunogenic nature of HBsAg may also play a role in the precocious antimuscle at various times after injection of luciferaseexpressing DNA alone or mixed with an antigen-expressHBs response. The finding that the kinetics of fiber destruction is similar for HBsAg and ␤-gal argues that ing DNA. It is possible that luciferase is more highly immunogenic in some animals, or that a particular proprofessional antigen-presenting cells (APC) such as dendritic cells may be directly transfected, otherwise it moter is turned off or down-regulated with time. Therefore, it is necessary to first establish that expression of would be difficult to envision how CTL would be induced with expression of a nonsecreted protein solely luciferase alone results in sustained expression. That condition being met, it is then possible to determine whether in muscle cells, which do not possess class II MHC. The apparent immune-mediated destruction of cells expressthere is a CTL attack against antigen-expressing muscle fibers by evaluating luciferase activity in muscles which ing ␤-gal may account, at least in part, for previously reported losses of ␤-gal expression which were heretofore were co-injected. If a loss in luciferase activity occurs, then it is essential to ensure that this was not due to a attributed to promoter suppression. 14, 15 The indirect cotransfection method of detecting fiber cytotoxic effect of the antigen itself or an inhibition of luciferase expression by the antigen. This is accomplished destruction assumes that the large majority of transfected fibers take up and express both DNA constructs. This by ensuring that luciferase activity does not diminish with time when the luciferase-and antigen-expressing cardiotoxin-induced necrosis) TA muscles as described previously. 10 The TA muscle was chosen since it is easy DNA vectors are co-injected into muscles of SCID mice.
to inject and in our hands gives less variable results than does the quadriceps, possibly due to its less complex Implications for gene therapy and related research cytoarchitecture. The finding that muscle fibers expressing foreign proteins can be destroyed by specific immune responses has sigIndirect assay of muscle fiber destruction nificant implications for gene therapy and gene transfer Mice were injected with 10 g pCMV-luc in one TA and studies. Sustained expression of transgenes may not be with a mixture containing 10 g pCMV-luc and 50 g of possible in the event that the expressed proteins are antieither pCMV-lacZ or pCMV-S in the contralateral TA. To genic, for example as would be the case with nonhuman control for the effect of an ongoing immune response to proteins or human proteins which are absent in individeither ␤-gal or HBsAg, other mice received bilateral injecuals owing to genetic defect. This impacts on, among tions of 10 g pCMV-luc alone into both TA muscles. To other things, the strategy to capitalize on the post-mitotic control for the different amounts of the luciferase-and nature of muscle fibers to provide chronic systemic delivantigen-expressing vectors given, some mice were ery of recombinant proteins such as factor IX 18 or growth injected in bilateral TA muscles with 50 g pCMV-luc. hormone. 19, 20 Finally, while lacZ reporter constructs are All injections were given in a volume of 50 l such that useful in developing gene delivery methods, immunethe concentration of pCMV-luc was 0.2 or 1 mg/ml and mediated destruction of ␤-gal-expressing cells limits the of pCMV-S or pCMV-lacZ was 1 mg/ml. Groups of aniusefulness of these constructs to studies of short mals injected with the different DNA vectors into either duration.
normal or regenerating TA muscles (n = 10) were anesthetized and killed by cervical dislocation at 5, 10, 20, 30 Implications for DNA-based immunization or 60 days after injection of DNA and the TA muscles One important implication of the destruction of antigenwere removed for luciferase assay. expressing muscle fibers is that it may alleviate safety Luciferase activity was measured using the Promega concerns about induction of tolerance by chronic or perluciferase assay system (Promega, Madison, WI, USA) as manent antigen synthesis. On the other hand, the londescribed previously. 22 Results are expressed as group gevity of the immune response induced by DNA-based means ± s.e.m.s of relative light units (RLU)/s/mg proimmunization is somewhat surprising in consideration of tein, with protein contents determined by the BioRad the relatively rapid destruction of antigen-expressing microassay procedure (BioRad, Mississauga, ON, muscle fibers. It is unlikely that the presence of newly Canada). 23 The significance of the differences between synthesized antigen for only a few weeks could sustain groups was determined by one-factor analysis of variance the humoral response for 74 weeks.
1 Thus, it is probable followed by Newman-Keuls multiple range testing. 24 that even though no new antigen is synthesized, some antigen persists elsewhere for the continued stimulation Assay of humoral responses to expressed proteins of B cells. One possibility is that antigen released from Plasma taken at the time of death from mice previously transfected muscle cells by secretion or cytolytic attack is injected with pCMV-luc, pCMV-S or pCMV-lacZ was captured directly by dendritic cells or phagocytosed by evaluated for total IgG antibodies specific to luciferase macrophages, which transport it to regional lymph (anti-luc), HBsAg (anti-HBs) or ␤-galactosidase (anti-␤-nodes. It has been shown that antigen can be stored for gal) respectively. End-point dilution ELISA assays were long periods of time on follicular dendritic cells, from performed in triplicate on individual samples using 96-where it can be retrieved by antigen-specific B cells for well polystyrene microtiter plates (Corning Glassware, processing and presentation to T cells. 21 Corning, NY, USA) coated overnight at RT with 100 ng (100 l per well at 1 g/ml) of purified firefly luciferase
Materials and methods
(Sigma), plasma-derived HBsAg particles (mixed ay:ad subtypes 1:1) or E. coli ␤-galactosidase (Sigma) respectively. Antibodies adsorbed to the solid phase by incuDirect intramuscular gene transfer Experiments were carried out on 6 to 8-week-old female bation for 1 h at 37°C were then detected by incubation for 1 h at 37°C with HRP-conjugated goat anti-mouse IgG C57BL/6 and BALB/c mice, and male and female SCID mice (Charles River, Montreal, Canada). The mice (1:4000 in PBS-Tween, 10% FCS; 100 l per well, Southern Biotechnology Associates, Birmingham, AL, USA), folreceived IM injection of one or more plasmid DNA constructs encoding the firefly luciferase reporter gene (luc), lowed by reaction with o-phenylenediamine (OPD) dihydrochloride (Sigma) at 1.6 mg/ml in 0.05 m sodium citthe E. coli lacZ gene for ␤-galactosidase (␤-gal) or the S domain of the HBV envelope protein which includes rate buffer (pH 5.0) with 0.001% H 2 O 2 . The reaction was stopped by the addition of sulphuric acid (50 l of 4 n HBsAg, each under the control of the CMV immediateearly promoter and containing the ampicillin-resistance H 2 S0 4 ) and quantified by reading absorbance at 450 nm. Titers were expressed as the dilution that yielded twice gene. These vectors, which are designated pCMV-luc, pCMV-lacZ and pCMV-S respectively, have been background, with a cutoff OD of 0.05. described elsewhere. 7, 10, 22 Plasmid DNA purified on Qiagen anion-exchange Morphological evaluation Muscles were examined by both light microscopy (LM) chromatography columns (Qiagen, Hilden, Germany) and redissolved in phosphate-buffered saline (PBS, and electron microscopy (EM). C57BL/6 and SCID mice were immunized by bilateral IM injection of 50 g Sigma, St Louis, MO, USA) was administered by direct IM injection into mouse TA muscles. The DNA was pCMV-S DNA (50 l at 1 g/l). For morphological studies gene transfer was carried out in regenerating TA injected into normal mature or regenerating (5 days after
